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Local structures of liquid water studied by x-ray emission spectroscopy
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The OKa x-ray emission spectra of water clusters with different sizes and conformations embedded in a
continuum medium are simulated. The calculations have successfully explained the experimental spectra of
water in both gas and liquid phases. It is shown that the x-ray emission spectra are very sensitive to the local
hydrogen bonding structures. Strong electron sharing between different water molecules is observed and its
possible connection to the covalency of hydrogen bonding is discussed. The experimentally observed strong
excitation energy dependence of the spectra has been interpreted in terms of the polarization and angular
dependence for the gas phase, and in terms of variations of local hydrogen bonding structures for the liquid
phase.
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[. INTRODUCTION tails of how liquid water is geometrically organized. There is
at present a general consensus that liquid water is a macro-
The simplicity of the water molecule with its electron- scopic network of molecules connected by frequent and tran-
poor nondegenerate electronic structure has made it an ob\gient hydrogen bonds, which allow unbonded neighbors to
ous test bed and demonstration case for spectroscopy as welttcur in numbers that vary with temperature and
as for theoretical modeling, something that in a certain sensgressuré1? In contrast to the geometrical structure, infor-
contrasts the complexity of liquid water and the rather con-mation about the electronic structure of liquid water remains
spicuous difficulties of determining even the most basidargely unknown due to the lack of proper experimental tech-
properties of the solvated water molecule. The use of X-rayiiques. By comparing x-ray emission spectra of water in gas
spectroscopynot to be confused with x-ray diffraction scat- and liquid phases, the influence of the intermolecular inter-
tering), has, however, not been used often in the context ofction on the local electronic structure of liquid water has
liquid water, owing to some previous technical problems ofpeen directly observedirevealing a strong electron sharing
sample handling in ultrahigh vacuum conditions. Thus onlyamong water molecules. It was also shown that through reso-
now, a quarter of a century after the first recording of softy,n; excitation, one particular three-hydrogen-bonding struc-
x-ray emission(XES) of free water with molecular orbital ture, where one hydrogen bond is broken, can be separately

res_olu_tlon, IS a similar effort possible for the “qF"d ca_%e. identified? confirming the finding of the x-ray absorption
This time lag is somewhat unfortunate from the viewpoint Ofstudy (XAS) 13

the inherent probing characteristics of x-ray spectroscopy for Theoretical simulations have olaved tial role i
molecules and materials with element, positional and orien- . played an essential role in
tational specificity, and with local bond and building block understanding th? s'pectra.. The co_mplexr[y of the liquid Sys-
probing capability, which have been extensively used in moj[ems' ha§ m'a.de It |mpos§|ble to interpret thg spectra with
lecular and solid state studies, but which so far have not begpfysical intuition alone. It is also a rather formidable task to
fully carried over to the liquid phase. Furthermore, in com-tréat the whole liquid system explicitly. The fact that x-ray
parison with commonly used electron based spectroscopié@eCUOSCOpy probes mainly the local information has simpli-
the deep|y penetrating X_r‘ay radiation tru|y probes bu'k prop.ﬁed the theoretical simulations drastica”y. A cluster model
erties, thus avoiding surface structures with strong orientawhich contains a few solvation shells has been proven to be
tional correlatiod and even with icelike configurations, Well adequate to describe both the absorgfioand the
which will have special implications for the liquid shifté.  emissioR spectra of liquid water. It was shown that XES
The generalization and verification of the so-called final statespectra calculated by a simple semi-continuum model that
rule to cover other systems than solids, have further in€onsists of only the first solvation shell embedded in a con-
creased the prospects of using soft x-ray emission as a getinuum dielectric medium, captures all major features of
eral electronic structure proBe. the experimental resultsOne main intention of the present

It was clearly demonstrated in our first study on x-raypaper is to provide details of theoretical models and simula-
emission of liquid watérthat using current synchrotron ra- tions. We present experimental measurements of resonant
diation techniques it is indeed possible to obtain new infor-XES of water in gas and liquid phases. The connection be-
mation concerning both geometric and electronic structuretween spectral profiles and local hydrogen bonding structures
The chemical and physical features of liquid water are comis revealed. The origin of electron sharing among water
plicated and controlled by the presence of the strong hydromolecules in the liquid phase has been given a special con-
gen bonding. Many models were proposed to view the desideration.
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Il. COMPUTATIONAL DETAILS /,/" "‘\\

The water molecule can act as both hydrogen donor and P~
hydrogen acceptor, and can in principle form hydrogen \ - \\
bonds with four neighboring water molecules, being hydro- / 2, // \\ \
gen donor for two of them and hydrogen acceptor for the = | > - & | v )|
other two, which is the case in cubic ice. However, in the - - ~
liquid phase, the situation becomes complicated. Water mol- b 3a, 1b,
ecules are constantly moving and can often be hydrogen
bonded to less than four neighbors, forming so-called broken /—a /\
hydrogen bonding structures. We have chosen three repre- ©) |
sentative clusters from those used in previous simulations for \\ N \ '%/

XAS (Ref. 13 and XES(Ref. 2 of liquid water. They cover d AN N
three solvation shells and contain 26 to 28 water molecules 4a 2b
with different local hydrogen bonding structure already in 1 2

the first solvation shell. One of them has the typical four
hydrogen bonding structure with tetrahedral coordinatio . .

similar to that in ice, denoted as SYM. The other two clustersthae1 \’N:P; ﬁélgggléwo lowest unoccupied orbitalsgand 2, of
have broken asymmetrical hydrogen bonding structure. They '

can be further distinguished from the local position of thephase XAS and XES measurements. The incident photon
bre?lkesﬂer&qu\?& ;)c:)r;d;teg]heero)a(l me'}sns';? égc_)'zg?;ﬂt)hev\?eydrobeam entered and exited from the same silicon nitride win-
g : Y9 : : dow of 1000 A thickness. XAS spectra of liquid water were
have used the same notations as proposed in Ref. 13. Trﬁg

coordinations of these clusters are taken out from molecular easured by using the x-ray fluorescence-yl&d) mode.
. . . . 1316 The resolution of the monochromator was set to 0.2 eV
dynamics(MD) simulations of Ojame.*>*° The use of mo-

. o for the O 1s absorption edges. The XAS spectra were nor-
lecular dynamics allows us to have realistic structures tcfnalized by means of the photocurrent from a clean gold

work \.N'th' However, it _should be mentioned that the Inter'rﬂesh in front of the sample to correct for intensity fluctua-
pretation of x-ray emission spectra does not depend so mug . .
ions in the photon beam. XES spectra were recorded using a

on ;ﬁﬁ qgﬁlr'r%t?f tcr;etimlijza?g;hg(fj?thggecljé water molecule high-resolution grating spectromet@The spectrometer was
9 yop 9 -mounted parallel to the polarization vector of the incident

\;V;i Sggor{ﬂggAﬁgge Sa:gri%Er%%kclﬁggevg':?h2aggesjisbi§5'%hoton beam, with its entrance slit oriented parallel to the
9 program. direction of the incident beam. The length of the gas cell exit

based on long experience. Nonresonant and resonant x-rg . . : .
indow allowed a large portion of the interaction region to

emission spectra of all clusters were also calculated at thge observed by the spectrometer. The resolution of the mono-

iglr]]ni {ﬁ\éelloim-jratlzeesziirﬁ]eerrggziusl‘g:.iﬂgrgg\i/c?n;agenelrgfeg- hromator and spectrometer in the gas-phase measurements
) g-rang i : . Dy was approximately 0.65 and 1.0 eV, respectively. The reso-
ding the clusters into a dielectric medium, for which a mul-

tipole reaction field theory is applied. A spherical cavity isIUtlon of the monochromator and spectrometer in liquid-

adopted and with a radius equal to the molecular size pluggspseectircee}gsurements was approximately 0.45 and 0.5 eV,

the van der Waals radius of the outermost atoms. The group
theory formulation developed by Luet al”*8was used to
calculate resonant XES. A Lorentzian function with line IV. WATER MOLECULE
width of 0.5 eV is used to convolute the calculated spectra,
which are shifted downward by 20 eV to compensate the _The water molecule belongs to 1, Symmetry group )
core-hole effect. It should be noted that the vibrational mo- ¥l & ground state electronic  configuration:
tions are not treated in the present study. 1a12a11b23a1;b1. qu X-ray emission spectroscqpy water
serves as an illustrative case for spectral resolution and for
the useful feature of local probing of molecular orbitals: The
outermost b, lone-pair orbital receives maximum intensity
The experiments were performed at beamline 7.0.1 at thi# the local decomposition model, since this orbital has 2
Advanced Light SourcéALS), Lawrence Berkeley National character and is centered at the site of the careorbital.
Laboratory. The beamline comprises a 99-pole, 5 cm perio@from similar arguing the bonding, respectively, antibonding
undulator and a spherical-grating monochromator coveringa; and 1o, orbitals are less intensive since they in addition
the spectral energy range between 60—1308°éfhe inci- to O2p character also contain amplitudes on the hydrogens
dent photon beam entered a gas cell through a 1000 A thicktoms. The deepest valence orbital, tlag Brbital with O2s
silicon nitride window. A gas pressure of a few mbar wascharacter, lacks intensity although, like thk,lorbital, it is
maintained in the gas cell. As an exit window for the emittedcentered on the oxygen, thus demonstrating that atomic di-
x-rays a 1500 A thick polyimide window was used. XAS pole selection rules are operating even when having a lower
spectra were obtained in the transmission detection mode. molecular symmetry. Those threg-2lerived valence orbit-
The liquid samples were sealed in a cell in the liquidals 1b,, 3a;, and 1, are shown in Fig. 1,

FIG. 1. Density pictures of three highest occupied orbitdds, 1

Ill. EXPERIMENT
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Experiment Theory the inset of Fig. 2. They can be assigned to the lowest unoc-
ot ol sl s cupied orbital(LUMO) 4a, and the second unoccupied or-
o01s el ~__Tnonresonant bital 2b, (the orbital pictures of water can be found in Fig.
.}\A\A“ o 2b, 1). In Fig. 2, the resonant x-ray emission spectra of water are

v __4a also shown. Clearly, the x-ray emission spectra are strongly

5% 5% 50 1b dependent on the excitation energies. In comparison with the

! nonresonant case, resonant excitation to the LUM@,)J4

3a, level results in a 0.9 eV redshifting of orbitabi and a
noticeable intensity reduction for orbitah3. The observed
redshifting is due to the screening effect that is enforced by
the presence of an extra electron in the LUMO. The most
significant difference caused by the excitation tm, Zeems

to be the decrease of intensity forb,l Such intensity
changes can be rationalized by the polarization or angular
dependence of the resonant x-ray emission.

It is possible to derive explicit formulas for the angular

N \ dependence of the X-ray emission from scattering theory ap-

Intensity

plied to randomly oriented sampl&&The intensities can be
expressed as

5156 520 525 530 515 520 525 530

FIG. 2. Experimental and theoretical resonant and nonresonant
emission spectra of water molecule in gas phase. The resonant 1. (6)= Elo[l_R]y
emission spectra are generated from the resonant excitation to the
4a, (in solid line) and 2b, (in dotted ling, respectively. The x-ray

absorption spectrum is shown in the inset. |”(0): %I J1+R(3 Sirto— 1], (1)

which have different orientations:b} and 3a; are lying in
the molecular plane, whereas the lone pair orbita} 1s
perpendicular to that plane.

Nonresonant XES of the gas phase water molecule is pr
sented in Fig. 2, where the three outermost valence orbital
are clearly resolved. Their intensity distribution fits well with

where 6 is the angle between the polarization vector of the
incident photon and the propagation direction of the outgo-

é’pg photon.l 4 is proportional to the total intensity emitted in
@II directions and summed over all polarization vectors Rnd
IS the polarization anisotropy parameter. The plane which

fefinesL and| is here defined as perpendicular to the direc-
|

the orbital description given above. Remarkably, the sam N of the incident radiation. With a spectrometer which is
spectrum recorded by the same laboratory 25 years ago usi n% € Inci ation. Wi pe which 1S
t polarization selective it is not possible to measure di-

a 3 m grazing incidence grating spectromtctually had e . :
slightlygbette?resolution. gI'he Elarlt)ree-Fock resultyof non-'ectly |, orlj, butit is possible to measure the total inten-
resonant XES shown in Fig. 2 is also in close agreement wit'Y’ I(e?’ as a funct|o_n of emission anglé The_gener_al
previous theoretical resulf&-2 It is noted that calculations SXPressions for the anisotropy parameieand the intensity
give quite good description for the spectral bandslof &nd !0 have been evaluated an_d a ;lmple expression for the an-
3ay, but not I, with respect to the experiment in terms of Isotropy parameterg was given in Ref. 18.

both intensity profile and energy position. Thb,1lband of When the different flnal states are well separafedas a

the experimental spectrum is much broader and is redshifter(fiather simple expression for a particular stte

by 1 eV. Such differences have been established as due to the

so-called lifetime-vibrational interference effect, which is a szl(g codp;—1), 2
result of the short lifetime of the intermediate core hole S)

state?® A full description of the lifetime-vibrational interfer- H _ e b h ition dinol
ence effect requires extensive computational efforts as showff1€r€ 1 is an angle between the transition dipole moments

in Ref. 24, which is difficult to apply for the larger system, of absorption _an(_:l emission processes. _For_ the case of water,
such as the water clusters. We will though not take into achen the excitation is to the LUMO&, it gives
count the vibrational contributions to the XES spectra in the
present study. Similar difference between theory and experi-
ment can be found for the case of liquid water, indicating a
similar effect of lifetime-vibrational interference. It is obvi- o
ous that without treating the vibrational motions, we will not For the excitation to the LUM&1, 2b,, one has
be able to describe the proton transfer in liquid water.

The near-edge x-ray absorption spectrum of gas phase
water shows two distinct features prior to the continuum, see

2 1
Ral=§, Rbl,bz,azz_g- ©)

1

Ry, =&, Ral,bl,azz_g- (4)

2

all N
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FIG. 3. Resonant x-ray emission spectra of liquid water. The

arrows shown on the x-ray absorption spectriimse) indicate the _L :
excitation photon energies used. W ' J/JL

Intensity

R

The experimental spectra of water were detected=a0,
therefore, the emission intensity can be written as

1(09)=1p(1-R), ©)

wherely can be referred to the nonresonant emission spec
trum. One can thus expect that for excitation ta, 4the :
emission intensity fom, orbitals should decrease, while for 515 : 520 525 530
excitations to ®,, the emission intensity of thie, orbital is Energy (eV)

reduced. This provides a perfect explanation for the experi-

mental spectra of water and is indeed the picture obtained FIG. 4. Calculated nonresonant and resonant x-ray emission
from the simulations, see Fig. 2. spectra of liquid water. The calculated nonresonant x-ray emission
spectrum of gas phase water is addéhih line, sharp structujeor
comparison.

V. LIQUID WATER

Recently, we reported experimental measurements anghich can be seen as the result of a strong molecular orbital
theoretical analysis of resonant x-ray emission of liquidmixing among different water molecul@Similar changes at
water? revealing detailed information about the electronicthe 3a; band upon solidification were observed in the
and local hydrogen bonding structures. We will recapturephotoelectroff and x-ray emission spectra of i€&We have
some of the important conclusions drawn from the previouslso found that the resonant spectrum of liquid water excited
study, and present a set of resonant x-ray emission spectraofi top of the preedge shoulder is entirely due to the
liquid water and their connections to the local hydrogenD-ASYM configuration, confirming the observation of the
bonding structures through theoretical simulations. XAS study®® All these findings are supported by the theoret-

Upon liquefaction, the sharp spectral features in the XAScal simulations as shown in Fig. 4. It should be mentioned
of gas phase water are turned into a broad band with a dighat the major differences among three structures SYM,
tinct preedge structure, see inset of Fig. 3. Such changes aBeASYM, and A-ASYM, is within the vicinity of the first
caused by strong hydrogen bonding interactions and thermaolvation shell. It is quite remarkable that XES can be so
dynamic motions of water molecules. In particular, thesensitive to the local structures. We will present more strik-
preedge structure in the XAS of liquid water is attributeding cases in the discussion to follow.
from one particular broken hydrogen bonding struct(ibe Apparently, one can expect more local structures than
ASYM) showed on Fig. 4, where one hydrogen bond isthose three discussed above to be present in liquid water.
missing at the hydrogen donor site of the wafefhe reso-  Molecular dynamic simulations have identified the existence
nant x-ray emission spectra of liquid water excited at enerof a small portion of structures with two or three broken
gies N and P shown in Fig. 3 are the same as the oneshydrogen bond8.It was mentioned in Ref. 13 that the struc-
presented in our previous wofkBy comparing with the gas ture with only one donor and one acceptor generates an x-ray
phase nonresonant spectrum, one can realize that the majabsorption spectrum similar to those obtained from
change upon solvation is the intensity loss at the region coD-ASYM. Therefore, it is impossible to distinguish its exis-
responding to the bonding orbitah3 of the water molecule, tence using x-ray absorption. In contrast, the selectivity of
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the XES technique can provide the answer. We have mea- UL I I UL I I
sured two x-ray emission spectra excited at the lower energy
side of the preedge shoulder with excitation energies 533.7 t’ “
(9 and 533.2 eV D), respectively. As can be seen from Fig.
3, spectrumS resembles spectrur® well, indicating that \ '
both are generated from similar structures. However, signifi- i 8
cant difference between spectrubnand the other two reso- % 0
nant spectra appears. Obviously, this spectrum receives con-
tributions from a local structure that drastically differs from
the D-ASYM. Calculations show that the most probable
structures are those with two broken hydrogen bonds. The
detailed discussion about the simulations will be presented in
the next sections. In spectrubhone can see that the inten-
sity at the &, region increases greatly. The relative intensity
of the two spectral bandsa3 and 1b; seems to be close to
that for the gas phase. It is also noticed that both and

1b, bands are rather broad, implying that strong electron
sharing also exits in this structure.

Q
|\

Intensity
P-population

. . ! 55 520 52 50 5 0 52 50
We have shown in our previous repothat the first sol- Energy (eV) Energy (V)
vation shell with complete hydrogen bonds can reveal the W
most important features of the full spectra from either calcu- g 5. x-ray emission spectra obtained from full transition mo-
lations of large clusters or from experiment. From now, Wement calculationéleft) andp-population analysigight) for the first

will concentrate on the spectral properties of different localsplvation shell structure with complete hydrogen bold©DAA
first solvation structures, which are taken out from the bigThe excited oxygen is marked with an asterisk.

ASYM cluster. These clusters will be named after the num- o o ) )

ber of donors and acceptor involved. For instance, a fullvater molecules in ice, indicating that the interaction be-
hydrogen bonding system is simply labeled \WsDDAA ~ tween 0Water molecules in ice is different from the gas
where W refers to the center water molecule we are inter-ph"’,‘se?- It would thus be interesting to see what the x-ray
ested in,D and A are the donor and the acceptor, respec€mission spectrum of the water dimer can tell.

tively. The small clusters are taken out from the big ASYM
cluster.

It is known that x-ray emission of a single molecule can  We first calculate spectra of the water dimer in gas phase
be well described by the population of the excited atom using the geometry optimized by Kloppéat the CCSIDT)
simply because of the local dipole selection rule. We havéevel, giving an O-O distanc&pn between the two water
also examined this simple approach for the water clustersnolecules of 2.98 A. With this configuration the spectra for
Figure 5 displays the spectra of oxygen in a four hydrogerthe donor and acceptor molecules are quite similar, resem-
bonding structuréV-DDAA calculated from bottp popula-  bling the spectrum of single water, see Fig. 6. It should be
tion and full transition moments. The orbitals involved in  noted that almost identical spectra have been obtained for the
the p population analysis are the ones located on the centevater dimer at the Hartree-Fock optimized geometry. The
water molecule that is excited. Clearly, theepopulation  relative shifting between these two spectra can be easily un-
analysis works very well for the hydrogen bonded systems aderstood in terms of a pure electrostatic interaction, which
well. Again, the strong electron sharing/orbital mixing be-shows a typical push-pull behavior. We have also computed
tween water molecules are observed in phgopulation rep-  the spectra of an icelike dimer based on the geometry given
resentation. by Ghantyet al,? in this case the O-O distance is 2.75 A.

We prefer to interpret such electron sharing as a sign ofhe spectra are almost the same as those obtained for the gas
covalency of hydrogen bonding as proposed by Padiing. phase water dimer, but showing larger relative shifting and a
Isaacset al?® claimed to have direct experimental evidencesmall degree of orbital mixing. However, to a large extent,
for a substantial covalent nature of the hydrogen bond basettie electron sharing between water molecules in these two
on the observation of periodic intensity variations in theircases is small. The interaction between them is dominated by
Compton scattering measurements. However, their explanahe pure electrostatic interaction. Ghaetyal 2° showed that
tion was dismissed by theoretical calculations of Ghantythe periodic intensity variation in the Compton scattering
et al,” who have shown that a calculation for the watermeasurements of Isaae$ al?® could be reproduced in the
dimer could reproduce the Compton scattering profile oficelike water dimer with either Hartree-Fock or Kohn-Sham
Isaacset al, but failed to identify covalency in the bond calculations. Therefore, the evidence provided by the Comp-
between two water molecules. A recent periodic Hartreeton scattering experiment for ice cannot be viewed as a defi-
Fock study on ice shows substantial charge transfer amongjte sign of covalency in hydrogen bonds of liquid water.

A. First solvation shell

B. Water dimers
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i | FIG. 7. X-ray emission spectra of water dimers generated from
] | i |, | the structure-DDAA The excited oxygen is marked with an as-
515 520 525 530 terisk. The corresponding spectra for gas phase dimer are shown for
Energy (eV) comparison(dotted line$. Vertical bars represent spectra without
broadening.

FIG. 6. X-ray emission spectra of water dimers in gas pligse

and ice phasé) with O-O distance 2.98 and 2.75 A, respectively. contrast, the b, orbital of acceptoraV-A1l and W-A2 is

CharacterdV, A, andD refer to the water molecule, hydrogen ac- A . ) ) ] o
ceptor, and hydrogen donor, respectively. Vertical bars represertardly involved in the interaction, instead the,3orbital is

spectra without broadening. strongly affe_cted. o
A comparison between the results shown in Figs. 6 and 7

What is also clear is that the observed strong orbital mixindicates that the conclusion about the character of hydrogen
ing in the x-ray emission spectra of liquid water cannot bebonding drawn from the analysis of gas phase dimer is irrel-
explained by the gas phase or icelike water dimer calculaevant concerning the actual hydrogen bonding situations in
tions presented in Fig. 6. It is noticeable that the gas phasguid water. The mutual spatial arrangement of two water
dimer used here possesses an optimized structure in the gaglecules in the liquid phase is enforced by the presence of
phase which can never really exist in either ice or liquidother water molecules connected in a large hydrogen bond-
water. Therefore, it would be more relevant to calculate th&ng network. This can result in various possible dimer con-
spectra of a dimer that is generated from the liquid or ice. Wedigurations that are different from the gas phase. The elec-
have extracted out four possible dimer structures from theronic structure of the water molecule in the liquid is very
four hydrogen bonding structu®/-DDAA described in the  sensitive to the positions of its neighbors. Therefore, the re-
section above. The calculated spectra for these four dimergability of using interaction potentials generated from the
shown in Fig. 7, are significantly different from those for the gas phase dimer in the molecular dynamics simulation is
gas phase dimer. Orbital mixing can be found for all thequestionable.
cases. The relative spectral shifting follows the push-pull
scheme discussed above, which is a net result of the static .
electric interaction. Depending on the mutual positioning of C. Water trimers
water molecules, orbital mixing can involve different orbit- It is possible to construct six water trimers from the
als. For instance, for oxygen donors, as in the ca8d31  W-DDAAstructure. The calculated x-ray emission spectra of
andW-D2, the outermost orbitalld; of the “center” mol-  those six trimers are given in Fig. 8. In this case, the center
ecule strongly interacts with thea3 orbital of another water molecule is interacting with two others. It can be seen that
molecule, resulting in a reduction of the intensity df;1In  the relative spectral shifting is dependent on the fine balance
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515 520 525 530 FIG. 9. X-ray emission spectra of water tetramers generated
Energy (eV) from theW-DDAAstructure. The excited oxygen is marked with an

asterisk. Vertical bars represent spectra without broadening.
FIG. 8. X-ray emission spectra of water trimers generated from
the W-DDAA structure. The excited oxygen is marked with an as-

. . : . The two W-DDA structures have the same donors, but
terisk. Vertical bars represent spectra without broadening.

different acceptor. It is noticed that for both structures, the
3a; and the b; orbitals of the center water molecule

between the forces provided by water molecule on the dono§trong|y interact with the surroundings. The spectral profile

and acceptor sides. The push-pull behavior is best iIIustrategt L e :

) e the 3, and the b, region is sensitive to the location of
by the relative spectral shifting of tl¥-AAandW-DDstruc- ¢ acceptor, the outermost band generated from the
tures. The calculated spectra again indicate that the orbit _DDA2 structure is much broader than that from the

mixing among water molecules is strongly dependent ONW-DDAL structure. However, it should be noted that x-ray

the\x/lor(:al arrangi?etntth . tal tEin Eig. 3 absorption of theN-DDA structures in the liquid water are
. ¢ have seen that the experimental Specttiiin F1g. always inside the continuuti.Therefore, théV-DDA struc-
is very different from the other two resonant spe@®randS. tures cannot be separated by the XES

A new local structure that differs from the broken three hy-"" 1 -5 A gy structure identified by Both XASRef. 13

drogen bonding structure D-ASYM is responsible for such - :
difference. The XAS simulations show that at this energ;land XES(Ref. 2 is aW-AADtype of structure. For such a

position, the most possible candidate would beAEDA structure, the orbital mixing involves mainly thebd and

3a, orbitals, while the outermost lone pair orbitab4l is
structuret® Spectra generated from follV-DA structures . :
show indeed an increase of intensity at the, 3egion in hardly affected. The spectral shape depends strongly on the

comparison with the spectrum of D-ASYM. However, only position of the donor. Th&V/-AAD2 structure produces a

W-DA-2 andW-DA-3 provide a broad spectral feature at spectrum that is closer to that of the ligASYM cluster. It

the 3a, region. Between these two, it seems that the Spec§hou|d be mentioned that although the mutual positioning of

i FW-DA-3 is i tcl t with th - “acceptors and donor in the réal-AAD structures of liquid
rum OTVW-DA-3 IS In most close agreement wi € eXPer"\yater can be quite different from the ones presented here, the
mental spectrunD.

overall picture of orbital interactions is expected to be the

same.
D. Water tetramers

The strong electron sharing among water molecules can
be further demonstrated by the calculated x-ray emission
spectra of four tetramers generated from WeDDAA struc- We have demonstrated that x-ray emission spectroscopy is
ture, see Fig. 9. The spectral shifting can be understood bg powerful tool for studying the electronic and local geo-
the push-pull behavior of donors and acceptors. metrical structures of liquid water. We have interpreted the

VI. SUMMARY
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strong electron sharing observed in the x-ray emission spec¢e the variations of local hydrogen bonding structures. By
tra of liquid water as a sign of covalency of hydrogen bond-selective excitations, we have been able to identify two local
ing. Calculations clearly show that the information about in-hydrogen bonding structures, one with two acceptors and one
termolecular interaction in the gas phase water dimer iglonor, another with one acceptor and one donor. It has been
irrelevant to the case of liquid water. The electronic structureshown that the major spectral features of liquid water can be
of the water molecule is sensitive to the local arrangement ofvell described by the simulations of local hydrogen bonding
the hydrogen bondings. In all cases, the; Drbital of the  structures within the first solvation shell.

water molecule is affected the most. The outermost orbital
1b, interacts with others only when strong donors are
present. The x-ray emission of water in both gas and liquid
phases is found to be dependent on the excitation energy. In This work was supported by the Swedish Research Coun-
the case of gas phase, such an excitation energy dependerie(VR), the Goan Gustafsson Foundation for Research in
can be understood in terms of the polarization or angulaNatural Science and Medicine, and the National Supercom-
dependence of the resonant inelastic x-ray scattering prgeuter Cente(NSC) in Linkoping, Sweden. The experimental
cesses, for which a simple analytical expression is used. Owork at ALS, Lawrence Berkeley National Laboratory was
the other hand, the excitation energy dependence of the x-ragupported by the U.S. Department of Energy, under Contract
emission spectra of liquid water is found to be mostly relatedNo. DE-AC03-76SF00098.
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